Neurotransmitter:sodium symporters (NSSs) play a critical role in signaling by reuptake of neurotransmitters. Eukaryotic NSSs are chloride-dependent, whereas prokaryotic NSS homologs like LeuT are chloride-independent but contain an acidic residue (Glu290 in LeuT) at a site where eukaryotic NSSs have a serine. The LeuT-E290S mutant displays chloride-dependent activity. We show that, in LeuT-E290S cocrystallized with bromide or chloride, the anion is coordinated by side chain hydroxyls from Tyr47, Ser290, and Thr254 and the side chain amide of Gln250. The bound anion and the nearby sodium ion in the Na1 site organize a connection between their coordinating residues and the extracellular gate of LeuT through a continuous H-bond network. The specific insights from the structures, combined with results from substrate binding studies and molecular dynamics simulations, reveal an anion-dependent occlusion mechanism for NSS and shed light on the functional role of chloride binding. 
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membrane transport | X-ray crystallography | SLC6 | antidepressant | psychostimulant T he neurotransmitter:sodium symporter (NSS) family includes both prokaryotic and eukaryotic proteins. NSS proteins [in humans, they are also referred to as the solute carrier 6 (SLC6) family] (1) perform the sodium-and chloride-dependent reuptake of neurotransmitters such as serotonin, dopamine, GABA, norepinephrine, and glycine (by NSS members named SERT, DAT, GAT, NET, and GlyT, respectively) from the synapse into the presynaptic neuron (2, 3) . NSS activity is of key importance in the termination of neurotransmission, and these transporters have been implicated in the pathophysiology and treatment of neuropsychiatric disorders, including depression, attention deficit hyperactivity disorder, schizophrenia, epilepsy, and autism (4, 5) . NSSs are also the primary targets for psychostimulants, including cocaine, amphetamine, and ecstasy (5) .
The structure of a bacterial NSS LeuT, an amino acid transporter from Aquifex aeolicus (6), revealed two Na + ions bound in in Na1 and Na2 sites and the substrate, leucine, bound to a centrally located binding site that is hereafter termed the primary or S1 binding site (7) . This structure and subsequent structures (8) (9) (10) (11) (12) have served as templates for the exploration of NSS function in a structural context (7, (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) . Computational studies combined with binding and flux experiments have led to proposing a second substrate (S2) site and a molecular mechanism of Na + -substrate symport that depends on the allosteric interaction of substrate molecules in the two high-affinity sites (7, 11, 18, 23, 27) . Although the binding of a second substrate molecule in the S2 site has not been shown crystallographically, there is much data to support it, including findings that we describe here, although controversies about the interpretation of some experimental findings must be noted (6, 7, 18, 20, (27) (28) (29) .
Mammalian members of the NSS family mediate the uptake of their cognate substrates in a Na Notably, transport by the bacterial NSS is stimulated by a reverse proton gradient through a proton-antiport mechanism as demonstrated in Tyt1 and MhsT (20) , and mutagenesis studies have shown that the dependence on Cl − or H + is interchangeable between the mammalian and bacterial NSS proteins and depends on the charge of the amino acid side chains at positions 286 and 290 (LeuT numbering). Thus, in the mammalian transporters, polar residues in these positions have been proposed to form a Cl − binding site, and their replacement with a negatively charged residue produced Cl − -independent transporters, albeit with reduced activity (25, 33) . In contrast, substitution of a negatively charged residue in the Cl − -independent bacterial transporters with serine, which is found at the aligned position in Cl (20) , and the MhsT Na + / hydrophobic amino acid transporter of the alkaliphilic Bacillus halodurans (20) .
The negative charge, provided by either Cl − or an acidic residue, has been proposed to be necessary for proper Na + binding (18, 24, 34) . Furthermore, whereas the negatively charged Cl − is released to the cytoplasm during transport, a glutamate/aspartate side chain must be protonated for the return step of the transport cycle, which leads to the Na + /substrate symport-coupled H + antiport observed in the Cl − -independent NSS (20, 24) . The mechanistic role that the Cl − and/or a negative charge near the substrate binding site plays in the transport process is explored further here in the context of crystallographic insight into the architecture of the Cl − site in NSS as well as the manner in which its structural properties support the function.
Results
To establish the connection between the architecture of the binding sites for the amino acid substrate, Na + and Cl − ions, and the functional properties of LeuT (both WT and the Cl − -dependent LeuT-E290S mutant), we probed the ion dependence of the binding kinetics in both constructs. We found that replacement of Glu at position 290 with Ser increased the dissociation constant (K d ) for Leu binding from about 50 nM (determined for LeuT-WT) (5, 6) by more than one order of magnitude (0.79 ± 0.05 μM) (Fig. 1A) . Nevertheless, LeuT-E290S maintains functional S1 and S2 sites as detected by a binding stoichiometry of 1.86 ± 0.09 molecules of Leu per protein molecule. Saturation binding of Leu to LeuT-WT was well-fit by a single-site hyperbolic function, consistent with similar affinities for the S1 and S2 sites (18) , whereas 3 H-Leu binding to LeuT-E290S exhibited a Hill coefficient of 2.04 ± 0.2, consistent with an alteration in the allosteric connectivity of the two sites.
Dependence of Leu Binding on Cl − or Br − . Binding of 1 μM 3 H-Leu to LeuT-WT was similar in the presence or absence of Cl − (replacement of 250 mM NaCl with Na-gluconate) (Fig. 1B) , but in LeuT-E290S, the binding of Leu was reduced by ∼85% in the absence of Cl − (Fig. 1B) (Fig. 2D ). Such an effect was not observed for LeuT-WT; rather, the EC 50 of the Na + stimulation effect on Leu binding to LeuT-WT was ∼8 mM, regardless of whether the assay was performed with NaCl or Na-gluconate (Fig. S1 ). In the assay performed with NaCl, the EC 50 of Na + stimulation effect on 3 H-Leu binding to LeuT-E290S was 205 ± 30.3 mM, but when the assay was performed in the presence of saturating (800 mM) choline-chloride, the EC 50 was 31.2 ± 7.1 mM (Fig. 2D ), suggesting that Na + binding depends on the presence of bound Cl − (see below).
Structures of LeuT-E290S with Bound Br
To investigate the Cl − site at atomic detail, we determined a structure of the LeuT-E290S mutant using a P2 1 crystal form obtained in the presence of 0.6 M Br − and octylglycoside and diffracting at 3.0 Å resolution. The asymmetric unit consists of a recurring dimer of LeuT, and with the exception of residues 132-134 and 472-476 in chain A and residues 132-134 in chain B, which are not ordered, the final structure is complete and refined to R/R free of 20.4/25.9% using the high-resolution LeuT structure (Protein Data Bank ID code 2A65) (6) for initial structure determination (Table S1 and Fig.  S2 ). Unbiased, positive F obs -F calc difference density exceeding a 6σ-contour level was observed at the putative Cl − binding site, indicating the presence of a bound Br − (Fig. 3A) . Furthermore, the presence of Br − in the Cl − site in this structure was revealed from an experimental isomorphous difference map derived from the Br − crystal form and a previously published structure of the LeuT-E290S mutant in a similar P2 1 crystal form ( Fig. 3A and Fig.  S3 ), in which the anion at the Cl − binding sites could not be identified unequivocally (18) . The strongest positive peak in this map, at a contour level of 5.8σ, was located at the Cl − site, representing the electron density difference of bound Br − and (partial) Cl − (18e or more). At the wavelength used for data collection, the anomalous scattering of bromine is unfortunately very low (<0.5e); thus, the anomalous difference Fourier map is featureless. Data collection at or above the absorption edge for Bromine yielded diffraction data of inferior quality for anomalous difference Fourier analysis. Consistent with previously obtained LeuT-WT structures (6, (8) (9) (10) 18) , the structure features one molecule of Leu bound to the S1 site in an identical pose with Na + in the Na1 and Na2 sites. In addition to the Br − -bound P2 1 structure of LeuT-E290S, we also obtained a 3.35-Å resolution structure of the same protein in a Cl − -containing buffer in the C2 crystal form characteristic of LeuT-WT (6) (Fig. 3B) . Again, the unbiased F obs -F calc map obtained after molecular replacement shows a clear positive peak exceeding 4σ and overlapping with the Br − site in the P2 1 structure. Unfortunately, multiple attempts to improve the resolution of the Cl − -bound C2 form of LeuT-E290S failed, because these experiments most often resulted in another P2 1 form reported earlier, in which Cl − and Na + in the Na1 site could not be identified unequivocally (18) . The available data for the Cl − -bound C2 form do not allow us to interrogate the site in any significant detail; however, it displays an occupied anion site, presumably Cl − , that seems to be identical to the Br − -bound site (Fig. 3) , and the Br − -and Cl − -bound structures of LeuT-E290S are overall very similar, with an rmsd of 0.24 Å for all backbone atoms. We will, therefore, refer to their common anion binding site as the chloride site (Cl − site) in keeping with the physiological context.
Architecture of the Cl
− Site. Two models have been proposed for the Cl − site architecture (24, 25, 33, 35) based on mutagenesis and molecular modeling. Both models agree that Cl − is coordinated by residues aligned with positions 47, 254, and 290 in LeuT. Either Gln250 (24, 35) or Asn286 (25, 33) has been proposed as the fourth coordination ligand. In agreement with the former proposal (24, 35) , we find that Cl − is coordinated by side chain hydroxyls from Tyr47, Ser290, and Thr254 and the side chain amide of Gln250 (Fig. 3 and Fig. S4 ). Asn286 does not directly coordinate the anion, but it is in close proximity and makes an H-bond with the Cl − -coordinating Thr254 (Fig. S3) . In our molecular dynamics (MD) simulations, we found that such close proximity is retained, and Asn286 can even sporadically come into coordinating range (Fig. S5) . During the dynamics simulation trajectory, the Asn286-Cl − distance seems to be inversely correlated with the H-bond distance of Asn286-Thr254 (correlation coefficient of −0.58). Interestingly, in similar MD simulations of our DAT and SERT homology models based on the LeuT structure, the residues aligned to Asn286 of LeuT, Asn353 of DAT, and Asn368 of SERT coordinate the Cl − directly as a fifth coordination ligand (Fig. S6) . Indeed, when Asn368 in SERT was mutated to Asp (25) , a loss of Cl − dependence was observed, but this mutant also exhibited greatly reduced transport activity. Thus, the introduction of a negatively charged side chain in proximity to the Cl − site likely hinders anion binding while partially compensating for it at the same time. In TnaT, mutations of Gln228 (the equivalent of Gln250 in LeuT) were generally inactivating (33) , thus obscuring the importance of this residue for engineered Cl − binding.
Network of Interactions Connects the Binding Sites. In the LeuT-E290S structure, the Na + bound at the Na1 site is only 5.4 Å from the bound Cl − ; the two ions are connected by the hydroxyl group of Thr254 and positioned in close proximity to the S1 binding site. To explore the mechanistic role of the bound Cl − in what seems to be an intricate network of interactions between the Na1 and S1 sites, we carried out comparative MD simulations of the LeuT-E290S structure in the presence or absence of Cl − . The MD results for these constructs were also compared with corresponding MD simulations of LeuT-WT, in which Glu290 was either negatively charged or neutralized by protonation, to enable a general perspective on the role of the negative charge.
With MD simulations of the LeuT-E290S mutant, it was possible to explore the hypothetical construct containing substrate and ions in the S1, Na1, and Na2 sites, even in the absence of Cl − . Under these conditions, the two Cl − -coordinating residues, Gln250 and Ser290, are seen to separate gradually and reconfigure the interaction network, thereby allowing water molecules into the site (Fig. 4 A, C, and E) . Notably, we observe the same water penetration sequence in the parallel simulation of LeuT-WT with a protonated (uncharged) Glu290. Because the direct interaction between Gln250 and Glu290 is weakened without the negative charge on Glu290, the side chain of Gln250 rotates away gradually and exposes Glu290 to the solvent (Fig. 4 B, D, and F) . In the absence of the charge-mediated organization of the site, water penetration into this region is seen in the simulations to result in the reorientation of the Tyr47 side chain in both the E290S construct and WT. This conformational reorganization of the network of interactions between the residues in positions 290-47-250 is propagated into the tertiary structure of the protein and affects the conserved interface between TM2 and TM6a. As discussed further below, this sensitivity of the TM2-TM6a interface to the presence of Cl − suggests a mechanistic role in the function of the transporter.
When the simulations are performed for these systems in the presence of all of the bound species (at the S1, Na1, Na2, and Cl − sites), the results bring to light the role of the coupling between the Na + in the Na1 site and the negative charge provided by either the bound Cl − (for the E290S mutant) or the charged Glu290 (for WT) as also indicated by the crystal structures. Thus, the simulations support a model of a local network composed of Ser290, Tyr47, and Gln250, which connects to the extracellular gate formed by the side chains of Arg30 and Asp404 (Fig. S7) . Together, this integrated network organizes a tightly packed and dehydrated form, which indicates a role for the negative charge in establishing an occluded state of LeuT in the presence of bound S1 substrate. Such a role of the negative charge near position 290 and the effect of the Gln250 side chain conformation on the interaction network were implicated in the functional mechanism of GAT-1 as a result of the S331E mutation (24) . Thus, the mutation introduces a negative charge at the position aligned to the Glu290 of LeuT, rendering substrate transport independent of Cl − , albeit significantly impaired by the bulky side chain. Transport was rescued, however, by a second mutation, in which the residue aligned with Gln250 of LeuT (Gln291 in GAT-1) was replaced by one with a smaller side chain (35) .
The functional importance of Gln250 is not only because of its direct coordination of negative charge (Cl − or Glu290) but also its effect on the organization of the local structure that becomes evident in the presence and absence of a negative charge in the Cl − site. Thus, we find in the simulations that, in the presence of (18) is displayed at 4.0σ contour level (green mesh). The strongest positive peak is found at the position of Br − in the Cl − site in chain B. The adjacent peak is caused by a side chain shift in Phe31 (Fig. S3). (B) The substrate and ion binding sites in the LeuT-E290S-Cl − structure. The Na + ions, the substrate, and coordinating residues are depicted as in A. Cl − is shown as a green sphere. The pink mesh depicts a simulated annealing omit map at a 3.0σ contour level produced from the refined coordinates in the absence of the Cl − ion.
the negative charge (Cl − or Glu290), Gln250 is one of two residues interacting alternatingly with Arg30 (the other is Asp404). In the absence of such a negative charge, the Gln250 side chain gains significant freedom of motion, and consequently, Arg30 is seen to interact preferentially with Asp404 (Fig. S8) .
Conserved TM2-TM6a Interface Is Sensitive to Cl − Binding. The conformational reorganization in the network of interactions involving the residues in positions 290-47-250 affects the tertiary structure of the protein at the conserved TM2-TM6a interface as discussed above. Thus, in LeuT-E290S, we find that perturbations caused by the presence or absence of Cl − near the Ser290-Tyr47-Gln250 interaction network propagate through rearrangements in a strip of hydrophobic and aromatic residues along the TM2-TM6a interface: the FxxPY motif in TM2 and the VWxxAxxQI/V motif in TM6a.
A similar impact of the negative charge is observed in the simulation of the WT model with a protonated Glu290, and it seems to be initiated by related rotations of the Gln250 and Tyr47 side chains. The propagation of these changes is facilitated by the flexibility introduced in the TM by Pro46. Notably, the TM2-TM6a interface residues involved in this propagation are all highly conserved in mammalian transporters (Fig. S6) , suggesting that the dynamic organizing effect of a negative charge-the Cl − in eukaryotes and a corresponding negatively charged residue in prokaryotes-constitutes an important general component of the transport mechanism in the NSS family.
Discussion
The correlation between Cl − -dependent Na + /substrate symport by mammalian members of the NSS family and the H + dependence of Na + /substrate symport in their bacterial counterparts has been shown in a variety of studies (18, 20, 24, 25, 33) . The negative charge in the Cl − site, which in LeuT-WT is provided by a glutamic acid residue, must be neutralized during the transport cycle. In LeuT-E290S and other chloride-dependent NSS, this neutralization is achieved by release of the cotransported Cl − along with Na + and the amino acid substrate, whereas in LeuT-WT, it requires the protonation of Glu290 from the intracellular milieu, producing the countertransport of a proton (20) . Here, we provide direct structural evidence that, in LeuT, the Ser replacing Glu at position 290 is, indeed, involved in securing the negative charge by binding Cl
-bound crystal structure has a higher resolution than the Cl − -bound structure, but because the binding kinetics for these anions were comparable (Fig. 2) , the Br − -bound LeuT-E290S structure represents a valid model for the architecture of the Cl − site. Furthermore, a lower-resolution structure of the Cl − -bound complex is consistent with the Br − -bound structure within the experimental error. In addressing the fundamental question of the role that the negative charge at the Cl − site has in the transport mechanism, we explored the role of the network of interactions in which the charge is involved. Thr254 connects to the carboxy group of Leu through Na+ in the Na1 site (Fig. 3) . This connection would be absent in the monoamine transporters of the NSS family (DAT, SERT, and NET), because the substrates lack a carboxy group; however, in these transporters, an Asp residue near the bound neurotransmitter substrates can supply the negative charge, mimicking the carboxylic group of the bound amino acid substrates in bacterial transporters (6) . The structural details suggest how a negative charge at the Cl − site becomes involved in the binding of Na + in the Na1 site and the substrate in the S1 site. Indeed, results from the functional studies presented here clearly show that binding of both Na + and Leu to LeuT-E290S is dependent on the presence of Cl − or Br − (Fig. 2 A and B) . Congruent evidence for the crucial role of the negative charge at the Cl − site for substrate and inhibitor binding can be found in functional studies of eukaryotic NSS mutants involving residues at or near the Cl − site in DAT, NET, GAT-1, and SERT (36-41). Bönisch et al. (40) found that a mutation of Ser354 in NET (aligned with Glu290 in LeuT) significantly reduces desipramine binding, whereas Tavoulari et al. (39) reported that the presence of Cl − improves binding to SERT of several widely used antidepressants and that mutation of key residues in the Cl − site that renders SERT Cl − -independent also removes the Cl − dependence of fluoxetine and imipramine binding. Thus, the notion that the absence of a negative charge at the Cl − site can affect substrate and inhibitor binding is supported by (i) the proximity of the Cl − site in our Cl − -dependent LeuT mutant to the S1 site, which is also proposed as the binding site for the majority of NSS inhibitors (42) (43) (44) (45) (46) , and (ii) the observation that Na + and Cl − have a common coordinating residue. The effects of that negative charge on binding emerge from a complex reorganization of the local structural architecture as summarized below. The Cl − site is in the vicinity of the innermost part of the extracellular gate formed by Arg30 and Asp404 (Fig. 5A) , and it provides additional clues for the functional implications of the negative charge. In the current structures as well as the previously published structure of LeuT-E290S (18), Arg30 and Asp404 form a salt bridge closing the extracellular gate (Fig. 5A) , whereas in the LeuT-WT structure (6), the side chain of Arg30 faces Gln250 and hydrogen bonds with it, leaving the gate open (Fig. 5B) . In turn, Gln250 in the WT, outward-occluded LeuT structure (Protein Data Bank ID code 2A65) interacts with the carboxyl group of Glu290 (or with Br − /Cl − in the LeuT-E290S structures). Combining these structural data, one can infer a coherent sequence of molecular interactions that couples the substrate and ions to the movement of the extracellular gate. An H-bond network can be traced from the substrate to the coordinated Na + in the Na1 site and then on to Thr254, the Cl − through Gln250, and Arg30, which can, through a simple hinge movement, interact with either Asp404 or Gln250 to close or open the gate, respectively. The integrity of this interaction network connecting the substrate with the extracellular gate depends on the presence of a negative charge at the Cl − site, and this negative charge can be provided by either Cl − or the side chain of the corresponding amino acid (Glu or Asp). Thus, in the structure presented here and presumably, also in the Cl − -dependent eukaryotic transporters, the ion acts as a bridge connecting the substrate with the extracellular gate.
We note that, unlike the Na + in the Na1 site, the one in the Na2 site does not interact with the Cl − (or charged E290). However, the Na2 site is conserved in several transporters belonging to very different transporter families, including the Na+/galactose cotransporter (vSGLT) from the sodium-solute symporter (SSS) family (47), the sodium-benzylhydantoin transporter (Mhp1) from the nucleobase-cation-symport-1 (NCS1) family (48, 49) , and the betaine transporter from the betaine-choline-carnitinetransporter family (50, 51) . In the H + -coupled arginine/agmatine transporter (AdiC) (52) and aminoacid transporter (ApcT) (53), the architectural role of the Na2 site identified in the Na + -coupled transporters is conserved through a lysine residue that can change its protonation state and lose the charge (54), reminiscent of the change in protonation state of the negatively charged residue at the Cl − site in bacterial NSS transporters. In the E290S construct presented here, we were unable to measure 22 (Fig. 2B ), indicating that a negative charge at the Cl − site stimulates binding of both the cations and the substrate. Furthermore, Na + binds in the absence of Leu nearly as well as in the presence of Leu (Fig. 2C) , suggesting that Leu is not essential for Na + binding, consistent with the sequence in which at least one of two Na + binds before Leu. This scheme is supported by the recent structure of LeuT-WT (12) in the open-to-out nonoccluded conformation with a negatively charged Glu290, two bound Na + , and no Leu. The dynamics of the functional mechanism inferred from the structural details that we studied are also revealed by a focus on the effect of the negative charge. These MD simulations show that, in both the LeuT-WT and the E290S construct, the Cl − site, the side chain of Gln250, which can be reached by Arg30 when it is not closing the extracellular gate with Asp404, has turned (as indicated by the arrow) and is now out of reach for Arg30 (Fig. 4) .
After all of the ions and ligands are bound, MD simulations indicate that the coupling between the substrate in S1, Na + at the Na1 site, and the negative charge provided either by the bound Cl − (for the E290S mutant) or the charged Glu290 (for WT) organizes a local network composed of Ser290, Tyr47, and Gln250 in a tightly packed and dehydrated form, establishing an occluded state of LeuT. Furthermore, this reorganization around the negative charge is found in the simulations to propagate along the conserved TM2-TM6a interface, taking advantage of the structural flexibility produced by the Prokink at position 46 in TM2. This reorganization coincides with the substantial rearrangements of TM2 and TM6a observed in comparing the recently published structures of LeuT in the outward-and inward-open conformations (12) . The fact that this propagated structural rearrangement depends on the reorganizing effect of the negative charge on the local architecture is underscored by the finding that the calculated pK a of Glu290 changes from 5.4 in the outward-open structure to 7.6 in the inward-open structure (Materials and Methods); the change is consistent with the side chain being negatively charged in the outward-open state. Because Glu290 participates in a functionally significant transition, it is readily protonated from the intracellular milieu to facilitate return from the inwardto the outward-open state. In the Cl − -dependent NSS, the charge changes are accomplished by loading Cl − from the extracellular milieu and releasing it to the inside of the cell along with the other substrates.
Materials and Methods
LeuT-E290S was expressed in Escherichia coli C41(DE3) cells. Datasets from crystals were collected at the European Synchrotron Radiation Facility as well as at MaxLab using a 0.9395-Å wavelength for the Br − dataset where bromine displays an insignificant anomalous scattering. Phasing was carried out by molecular replacement using PHASER (55) with the WT structure (6) as a model. The structures were refined with PHENIX (56) . Radiotracer binding studies were performed by means of the scintillation proximity assay (SPA) using copper-coated YSi SPA beads to capture the His-tagged LeuT variants (7, 32) . All experiments were repeated at least in duplicate. Figures represent typical experiments, and unless otherwise noted, errors represent the SEM of triplicate determinations. Nonlinear regression fitting of the data was performed in Prism 4 or SigmaPlot (version 10). Based on our established simulation protocols and molecular system, the MD simulations of LeuT were carried out with Not (just) Another Molecular Dynamics Program (NAMD) (57) as described previously (7) . Detailed materials and methods can be found in SI Materials and Methods.
